The purpose of this study is to investigate the evolution of char structure during the gasification of mallee biomass in different particle size ranges (up to 5.6 mm) in two atmospheres (15% H2O balanced with Ar and pure CO2) in a fluidised-bed reactor.
Introduction
With the depletion of fossil fuel resources and the rising concerns about global warming, biomass as a renewable energy source has received a great deal of interests in recent years due to its abundance and low environmental impacts [1] [2] .
Biomass gasification is an effective technology to convert solid biomass into a gaseous fuel for further use [3] [4] [5] [6] . However, biomass gasification must overcome some practical problems before its widespread commercial implementation. One of the problems is the size range of the feedstock [7] [8] [9] [10] [11] . It is impossible to obtain a specified narrow biomass particle size range as the feedstock for a practical gasifier/pyroliser because the size reduction of biomass is very labour-intensive and time-consuming, making it commercially unattractive [12] . Therefore, the feedstock for a commercial gasifier necessarily consists of particles with a wide range of sizes [12] .
Gasification rate is a major consideration in the design and operation of a practical gasifier because it would determine the overall efficiency and economic feasibility of the gasifier [12] [13] [14] [15] [16] [17] . The evolution of char structure is an important factor that can influence the gasification behaviour [1, 2] . Therefore, understanding the influence of biomass particle size on the ultimate char yield and the structural feature of char during gasification is significantly important for the development of gasification technologies.
Conceptually, the gasification process consists of two consecutive steps although a clear distinction between the two steps may not always be possible [2] . The first step is the biomass devolatilisation, leaving behind a carbon-enriched solid char.
Because of the high contents of oxygen and aliphatic moieties of biomass, large amounts of volatiles or volatile precursors would be formed in this step [2, 18, 19] .
These newly formed volatile precursors could participate in the deposition reaction in char matrix [20] [21] [22] . Because there are differences in the heating transfer resistance as well as the intra-particle mass transfer resistance between small and large particles, the deposition reaction would be more severe for large particles than for small ones [21] [22] [23] [24] [25] [26] . The second step is the char gasification and volatile reforming through their reactions with gasifying agents. The difference in the intra-particle diffusion of the gasifying agent between small and large particles might also have an effect on the gasification rate and the overall char structure.
Some studies have been carried out to investigate the effects of biomass particle size on the evolution of char structure as revealed by the Raman spectroscopy [20] [21] [22] . Asadullah and co-workers reported that biomass particle size would greatly influence the char yield during pyrolysis [20, 21] . Zhang and co-workers [22] reported that, based on the negligibly small influence of the biomass particle size on the change in char structure during gasification in steam atmosphere, the gasification might take place uniformly throughout the whole particles. However, these researches did not provide the direct evidence that whether the size of char produced from the biomass devolatilisation would affect the ultimate char yield and char structures during the subsequent gasification. In other words, the effect of intraparticle diffusion of the gasifying agent between small and large particles during gasification has not been directly investigated.
Char-steam gasification and char-CO2 gasification are both fundamentally important reactions. A better understanding the mechanisms of the char-H2O reaction and char-CO2 reaction is necessary for the development of gasification technologies [27] . One question raised is: does biomass particle size affect the evolution of char structure during the gasification in steam atmosphere and CO2 atmosphere? Therefore, investigation on the gasification behaviour of different biomass particle sizes in steam atmosphere and CO2 atmosphere can provide another aspect to understand the char-H2O and char-CO2 reaction mechanism. In addition, second-order Raman spectroscopy can also be used to characterise the char structure [28] . Complementary or additional information about the structural feature of char can be found through the analysis of the second-order Raman spectra.
The objective of this research is to comprehensively investigate the influence of biomass particle size and gasification atmosphere on the ultimate char yield as well as the evolution of char structure, especially in the aspect of the intra-particle diffusion of the gasifying agent during the gasification of char with different particle sizes. As discussed above, the devolatilisation and the gasification might be both influenced by the biomass particle size. In order to clarify these two possibilities, two series of experiments were carried out in this study. The first series was the gasification of biomass with different particle sizes at the temperatures from 700 to 900 ˚C in two atmospheres: 15 % H2O balance with Ar and pure CO2. The other series was the char gasification experiments, which would separate the biomass devolatilisation step and char gasification step during gasification. The collected char samples were analysed with a FT-Raman spectrometer both in the first-order Raman spectral region and second-order Raman spectral region to obtain information about the chemical structural features of the chars.
Experimental

Sample preparation
Australia mallee wood was used as the feedstock in this study. It has a proximate analysis of 0.9 wt% ash yield and 81.6 wt% volatiles yield together with an ultimate composition of 48.2 wt% C, 6.1 wt% H, 0.2 wt% N and 45.5 wt% O (dry and ash-free basis) [20] [21] [22] . The preparation of the wood sample can be found elsewhere [20] [21] [22] .
Briefly, the mallee wood was firstly debarked and crushed into chips using a cutting mill and then eight wood samples with different particle sizes were obtained by 
Experimental procedure
Biomass gasification experiments were carried out in a fluidised-bed quartz reactor [20] with fast heating rate (1000 K/s). The schematic diagram of the fluidizedbed reactor is shown in Figure 1 . Briefly, the reactor was heated up to the target temperature (700, 800 or 900 ˚C) with an external furnace with the introduction of the gasifying agent (15 % H2O balance with Ar or pure CO2) into the reactor. When all the parameters were stabilised, about 2 g biomass (weighed accurately) was fed into the reactor within 4 minutes. The reactor was lifted out of the furnace immediately when the feeding was completed and was cooled down naturally with argon flowing inside the reactor instead of the gasifying agent.
Char gasification experiments were carried out in the same reactor, which would separate the pyrolysis process and gasification process during the biomass gasification. The first step was the char preparation. Mallee wood with the particle size between 4.75-5.60 mm was pyrolysed at 900 ˚C under fast heating rates by feeding the biomass into the pre-heated reactor continuously. When the feeding was completed, the reactor was held for 30 minutes at 900 ˚C. The collected char sample was grounded and sieved to the following five particle sizes: 0.18-0.50, 0.50-1.00, 1.00-2.00, 2.00-3.35, 3.35-4.75 mm. The next step was to use these char samples as the feedstock to do the char gasification experiments. About 0.2 g char (weighed accurately) was pre-loaded into the fluidised-bed reactor and the reactor was heated up to 900 ˚C in argon atmosphere. When the desired temperature was reached, the gasifying agent was introduced into the reactor for 10 minutes. The experiment was also terminated by lifting the reactor out of the furnace. 
Char characterisation
A Perkin-Elmer GX FT-IR/Raman spectrometer with an excitation laser of 1064 nm was used for the characterisation of char structure following the procedure has been established previously [29] . Briefly, the char sample was mixed and ground with spectroscopic grade KBr, which acted as a heat-dissipating medium to prevent char sample from being heated up by the laser. A concentration of 0.5 wt% char in the char-KBr mixture was selected, which achieved the plateau in the total Raman area both for the first-order Raman region (800-1800 cm ). Each of the acquired Raman spectra was further deconvoluted in order to understand the specific chemical structure of the char. The first-order Raman spectra were deconvolution into 10 Gaussian bands and the second-order Raman spectra were deconvolution into 8 Gaussian bands to obtain the detailed structural features of char. The detail assignment of these bands can be found elsewhere [28, 29] . One modification has been made on the deconvolution method of the second-order Raman spectra because of the presence of an additional peak at around 2950 cm -1 for the chars from low temperature gasification (700 ˚C). This band was originated from the overtone of VL band in the first-order [28, 29] , thus named as 2VL, representing amorphous carbon structures. A typical example of the spectral deconvolution of the first and second-order Raman spectra of chars is shown in Figure 2 . The relative standard deviation of the firstorder Raman analysis was within 5%, and the relative standard deviation of the second-order Raman analysis was within 10%. Figure 3 shows the char yield as a function of biomass particle size as well as temperature. As expected, high temperature would enhance the devolatilisation and gasification of char [20] [21] [22] . Therefore, for a given particles size, the char yield decreased with increasing temperature. In addition, at a specified temperature, the char yield increased with increasing particle size both for the gasification in steam atmosphere and CO2 atmosphere. Two reasons could be responsible for this trend.
Results and discussion
Char yield
One is the differences between small and large particles in transporting the volatiles especially the tarry compounds out of the pyrolysing particles [21] . The mallee wood sample used in this study has a volatile yield of 81.6 wt% [21] [22] , and large amounts of volatiles would be released during pyrolysis. The residence time of the volatiles would be much longer in a large particle than in a small one. In addition, a high heating rate for a small particle could cause the quick formation of volatiles and thus result in a rapid pressure increase in the particle, which could also lead to a short residence time of volatiles in char. In addition, more volatiles would recondense or reabsorb on the internal surface of the char from a large particle than that from a small one, resulting in increases in the char yield. The other reason for the increasing char yield with increasing particle size in Figure 3 could be the difference in the intra-particle diffusion of the gasifying agent between small and big particles, which could potentially result in different gasification rates for different particle sizes. Further experiments were then carried out on the gasification of char with different particle sizes to understand the relative importance of above-mentioned two possible reasons. Char samples of different particle sizes were prepared by crushing the same large char sample to ensure the identical structural feature. atmosphere. The conversion of char was almost the same regardless of particle size in the cases of gasification in steam atmosphere and in CO2 atmosphere, which indicated that there was plenty of time for the gasifying agent to penetrate into the char particles before the reaction took place. In other words, the intra-particle gas diffusion was not the rate-limiting step during gasification for the conditions used in this study. Therefore, the changes in the char yield with biomass particle size ( Figure   3 ) were mainly due to the difference in the residence time of volatiles in small and big particles. A long residence time would tend to enhance the formation of additional coke from the volatiles within a pyrolysing biomass particle. Char conversion as a function of the average char particle size during the gasification at 900 ˚C in 15% H2O balanced with Ar and in pure CO2. Char samples of different particle sizes were prepared by crushing the same large char sample.
Char structure
Oxygenation of the char
The total peak area of a first-order Raman spectrum was taken as the total intensity in the range between 800 and 1800 cm -1 . Both Raman scattering ability and light absorption ability of char could affect the observed Raman intensity [29] . The electron rich structures such as the O-containing structure in char can exert a resonance effect between oxygen and aromatic ring to which oxygen is connected, which could enhance the total Raman intensity. In addition, the light absorptivity of char would be enhanced by the growth of aromatic ring systems, resulting in declines in the observed total Raman intensity [29] . Figure 5 exhibits the influences of biomass particle size on the total band area of the first-order Raman at different gasification temperatures. For the biomass gasification both in steam atmosphere and CO2 atmosphere, the total Raman intensity decreased with increasing gasification temperature, especially from 700 to 800 ˚C. This decrease implies that the release of O-containing structure through thermal cracking and the growth of the aromatic ring system of char during gasification [20] [21] [22] 27] . These changes would be intensified with increasing temperature. In addition, there should be much more recondensed volatiles in the char matrix of big particles than that of small particles [21, 22] . However, the total intensity of the first-order Raman was not affected by biomass particle size. Therefore, this result indicated that the recondensed volatiles did not result in significant changes in the overall Raman-active oxygen species of char during gasification. This observation is in agreement with our previous study [22] . atmosphere with different char particle sizes. The total Raman intensity of char produced from pyrolysis was significantly lower than that after experiencing the gasification, indicating that some oxygen derived from H2O and CO2 would possibly form oxygen complexes on char matrix [27, 30, 31] . In addition, for different char particle sizes, the total Raman intensity of char was almost the same, both for the gasification in steam atmosphere and CO2 atmosphere. It means that the gasification may take place uniformly throughout the whole particles [22] , regardless of the particle size. Furthermore, comparing the total Raman intensity of char from gasification in steam with that in CO2, the total intensity of char prepared from the gasification in steam was much higher than that in CO2, indicating that more Ramanactive O-containing species connected with aromatic ring system in steam than that in CO2 [27] . Moreover, comparing the total Raman intensity of char produced from the biomass gasification ( Figure 5 ) with that from the char gasification ( Figure 6) under 900 ˚C, it can be seen that for the gasification in steam, the total Raman 6 . Total first-order Raman area as a function of average char particle size during the pyrolysis of mallee wood at 900 ˚C in Ar, pyrolysis and subsequent gasification of char at 900 ˚C in 15% H2O balanced with Ar, pyrolysis and subsequent gasification of char at 900 ˚C in pure CO2.
Change in the aromatic ring systems in char
Based on the bands assignment of the first-order Raman spectrum [29] , the ID mainly represents the large aromatic ring systems with no less than 6 fused rings, while the I(Gr+Vl+Vr) mainly represents the small aromatic ring systems with less than 6 fused rings. Therefore, the band area ratio ID/I(Gr+Vl+Vr) can be used as an indirect indication of the relative ratio of large to small aromatic ring systems in char [29] .
As is shown in Figure 7 , for the gasification both in steam atmosphere and CO2 atmosphere, a higher temperature tended to result in a higher ID/I(Gr+Vl+Vr) ratio. High temperature means fierce thermal cracking and gasification reaction which would enhance the selective removal of small aromatic systems and the conversion of small aromatic systems to large ones in char [27, 30, 31] . Furthermore, for a given temperature, this ratio was constant, regardless of particle sizes, which confirmed that the coke or soot formed from the recondensed volatiles had structural features (as observed with FT-Raman spectroscopy) similar to those in char during gasification [22] . Figure 8 illustrates the band area ratios ID/I(Gr+Vl+Vr) of chars prepared from pyrolysis and chars that also experienced the gasification in steam atmosphere and CO2 atmosphere. The band ratios ID/I(Gr+Vl+Vr) of chars produced from pyrolysis was lower than that after gasification, indicating that the gasification process would enhance the selective removal of small aromatic systems and the conversion of small aromatic systems to large ones in char [27, 30, 31] . In addition, both for the gasification in steam and CO2, the band ratios ID/I(Gr+Vl+Vr) of chars were almost constant with the particle size. These results were consistent with the analysis results of the total Raman intensity of chars of different particle sizes during the char gasification experiments, confirming that the gasification took place uniformly throughout the whole particles [22] .
Furthermore, the band ratios ID/I(Gr+Vl+Vr) of chars produced from gasification in steam were much higher than those in CO2. This was mainly due to the H radicals generated from H2O during gasification would penetrate into the char matrix and induce the aromatic ring condensation reactions [27] . Therefore, the conversion of small aromatic systems to large aromatic systems was more pronounced in steam atmosphere than that in CO2 atmosphere, resulting in the higher band area ratio.
Moreover, making the comparison of the band ratios ID/I(Gr+Vl+Vr) of chars between that from the biomass gasification with 4 minutes feeding time ( Figure 7 ) and that from the char gasification with 10 minutes holding time ( Figure 8 ) at 900 ˚C, both for the gasification in steam and CO2, the small aromatic rings were more preferred to be consumed by the gasifying agent than the large aromatic rings with the progress of gasification, resulting in increases in the band ratio ID/I(Gr+Vl+Vr). 
Change in the crossing-linking structure in char
Amorphous carbon such as chars produced from gasification should contain lots of sp 3 -rich structures [28, 29] . Based on the band assignment of the Raman spectrum, the presence of the alkyl-aryl C-C structures, substitutional groups (other than Ocontaining ones) as well as the crossing-linking density in char can be indicated by the intensity of S band [29] . Meanwhile, the intensity of the 2S band in the secondorder can also be used as an indication of the structural feature of char [28] .
Although some studies indicated that the bandwidth as well as the intensity of 2S band decreased with the increasing crystallinity of the carbon-based materials [32] [33] [34] , the structural feature of the low temperature (below 900 ˚C) gasified char was much different compared with that high temperature (above 1200 ˚C) treated carbonbased material. Therefore, in this study, the intensity of 2S band was also used to indicate the crossing-linking density of char [28] . The most important additional finding in the analysis of the second-order spectrum was the changes in the intensity of the 2S band during gasification while the intensity of S band in the first-order Raman did not show clear change during gasification. Figure 9 shows the intensity ratios I2S/ITotal as a function of the biomass particle sizes and gasification temperature. Both for the gasification in steam atmosphere and CO2 atmosphere, the ratios I2S/ITotal were almost the same for chars produced at 800 and 900 ˚C and were significantly lower than that at 700 ˚C. These results indicated the loss of the crossing-linking density in char with increasing gasification temperature, especially when the temperature was reached 800 ˚C. Also this ratio did not change with the biomass particle size. The data show some fluctuation when the gasification temperature reached 800 ˚C. This was mainly because that the total Raman intensity of the second-order was very weak for the chars produced from gasification in steam atmosphere and CO2 atmosphere at 800 and 900 ˚C, so the deconvolution of the second-order spectrum would suffer from low signal-to-noise ratios, resulting in increased scatters. Therefore, the error bars have been given for 800 and 900 ˚C in Figure 9 . 
Conclusions
The influence of biomass particle size and gasification atmosphere in the char yield and evolution of char structure was investigated. The increased char yield with increasing biomass particle size during the gasification of biomass was mainly due to the increased heat and intra-particle mass transfer resistance in transporting the volatiles out of particles during the devolatilisation step. The subsequent gasification was not rate-limited by intra-particle diffusion of the gasifying agent under the present experimental conditions. The structural features of char changed drastically during the subsequent gasification. The biomass particle size had minimal effect on char structure, both for the gasification in steam atmosphere and CO2 atmosphere, which means that the recondensed volatiles did not result in significant changes in the overall char structure during gasification and the gasification might take place uniformly throughout the char particle, regardless of the particle size under the present experimental conditions. The differences in char structure as revealed by Raman spectroscopy confirmed that the char-H2O and char-CO2 reaction follow different reaction pathway.
